The temperature dependence of the density of water, (T ), is obtained by means of optical scattering data, Raman and Fourier transform infrared, in a very wide temperature range, 30 < T < 373 K. This interval covers three regions: the thermodynamically stable liquid phase, the metastable supercooled phase, and the low-density amorphous solid phase, at very low T. From analyses of the profile of the OH stretching spectra, we determine the fractional weight of the two main spectral components characterized by two different local hydrogen bond structures. They are, as predicted by the liquid-liquid phase transition hypothesis of liquid water, the low-and the highdensity liquid phases. We evaluate contributions to the density of these two phases and thus are able to calculate the absolute density of water as a function of T. We observe in (T ) a complex thermal behavior characterized not only by the well known maximum in the stable liquid phase at T ‫؍‬ 277 K, but also by a well defined minimum in the deeply supercooled region at 203 ؎ 5 K, in agreement with suggestions from molecular dynamics simulations.
U
nderstanding the fundamental role that water plays on Earth and in all aspects of life phenomena represents one of the most challenging research problems in science and technology. In comparison with other simple molecular liquids, the thermodynamic properties of water (H 2 O) are characterized by a counterintuitive trend as temperature is lowered: examples are the isothermal compressibility, the isobaric heat capacity, the isobaric expansivity, and the density (1) (2) (3) . The latter quantity, as is well known, exhibits a maximum at 277 K. Such a maximum is the only one occurring in liquids in their stable liquid phases just above the melting point. Over the years, many plausible explanations for these unusual behaviors have been proposed. In all of these explanations, the anomalies of water are invariably attributed to the role played by the hydrogen bond (HB) formation between water molecules (1) . More precisely, the formation of HBs governs the overall structure and dynamics (1) of water, giving rise to, on decreasing T, a clustering process from which an open tetrahedrally coordinated HB network around each water molecule is gradually developed. It is such an increase in the HB structure that expands the liquid, compensating for the normal tendency of a liquid to contract as it is cooled. This finding is the basic reason for the occurrence of the density maximum phenomenon at 277 K (1) (2) (3) .
Among the many theoretical approaches (4-6) developed to explain water properties in a supercooled state, there is the liquid-liquid phase transition (LLPT) hypothesis (6) , which has received the most substantial support from various theoretical (7) (8) (9) (10) and experimental studies (11, 12) . For the LLPT model of water, the liquid state of water above the critical point is a mixture of two different local structures, characterized by different densities, namely, the low-density liquid (LDL) and the high-density liquid (HDL). In the HDL, the local tetrahedrally coordinated HB network is not fully developed, whereas in the LDL, a more open, locally ''ice-like'' HB network is fully realized (1-3). Water has within it regions that are locally more LDL-like and others that are locally more HDL-like (6) (7) (8) (9) . In addition, LDL and HDL correspond to the high-temperature continuation of the low-and high-density amorphous solid water phases, LDA (13) and HDA (14, 15) , respectively. An important signature of the LLPT model is the prediction of a ''second'' critical point at T C Ϸ 220 K and P C Ϸ 1 kbar.
Actually, by means of molecular dynamics (MD) simulations (10) and spectroscopy experiments (16) (17) (18) , we have some confirmations of the predictions of the LLPT theory. In these experiments, water was studied in the range 180 Ͻ T Ͻ 273 K, inside a very deeply supercooled region and well below its nucleation temperature T H ϭ 231 K. In that case, to avoid crystallization, water was confined in nanostructures so narrow that the liquid could not freeze. From these experiments, by using both neutron scattering and NMR spectroscopy, a fragileto-strong dynamic crossover (FSC) and the Stokes-Einstein relation violation (SEV) (17) at and below the crossover temperatures were observed (10), as confirmed in simulations (19) . The FSC marks a transition from a Vogel-Fulcher-Tamman to an Arrhenius behavior in dynamical parameters (16) . Both FSC and SEV take place at ambient pressure at about the same temperature, T L Ϸ 225 K. Furthermore, on the P-T phase diagram, the observed FSC line coincides with the so-called Widom line (10, 12) . The Widom line is the critical isochore above the LLPT critical point in the one-phase region. The neutron-scattering experiment located the end point of the Widom line, which is the predicted second critical point. In addition, Fourier transform infrared (FTIR) spectroscopy allows us to give direct evidence of the existence of the LDL phase in deeply supercooled, confined water (18) . From this latter experiment, according to a well established procedure for the analysis of the OH stretching (OHS) vibrational mode, we have been able to measure the spectral contributions of the HB and non-hydrogen-bonded (NHB) water molecules, respectively, obtaining their relative concentrations. In addition, these FTIR data (18) point out that water evolves with continuity from the supercooled liquid into the LDA phase, as suggested by the liquid-liquid critical point theory.
Another important suggestion coming from the MD simulation studies, using both the TIP5P-E and the ST2 potential models for water, is that water exhibits a density minimum Ϸ70 K below the temperature of the density maximum (20, 21) , T M . Such a possibility may also be inferred from simple arguments on considering the density data of supercooled bulk water, ice Ih, and LDA water (22) . After the maximum, the density of bulk water decreases rapidly with decreasing T before T H , whereas the ice Ih has a smaller density than that of the liquid and, contrary to supercooled bulk water, has a normal positive expansivity, that is, density increases as T decreases. The same behavior is observed for LDA at its highest temperatures. From the structural point of view, ice Ih represents the limiting case of a perfectly ordered tetrahedral network of HB, whereas LDA, which forms from deeply supercooled water, has a structure that very closely approaches that of a random tetrahedral network (RTN). Thus, ice Ih sets a lower bound for the density that the supercooled water could in principle attain. From these arguments, if the structure of deeply supercooled water approaches that of a RTN, and if nucleation can be avoided, it is then possible that a density minimum could occur in the deeply supercooled liquid.
Recently, the existence of a density minimum in the supercooled phase has been observed in confined D 2 O by using neutron diffraction technique at the temperature T min ϭ 210 Ϯ 5K (23) . Motivated by this result, we report here a study on the density of H 2 O in a very wide temperature interval that includes LDA, supercooled confined water, and bulk water in the stable liquid phase. This study is done analyzing the spectra of the OHS vibrational modes obtained by means of Raman and FTIR spectroscopy. In particular, we have considered sound literature data of OHS Raman spectra of LDA (24) (in the range 30 Ͻ T Ͻ 130 K) and of bulk water (25, 26) (in the range 250 Ͻ T Ͻ 373 K), whereas for the T interval 183 Ͻ T Ͻ 303 K we have considered the FTIR spectra of water confined in the same nanopores of the neutron diffraction experiment (18) .
Experimental
Scattering methods have been largely used to study structural and dynamical properties of water and constitute the most used experimental approach to understand its properties. Indeed, neutron (11, 12 ), x-ray (27) , and Raman and IR (25, 26, 28, 29) scattering, have given evidence that water is characterized by the presence of two coexisting main HB structural phases, involving HB and NHB molecules, respectively. Thus, it became customary to analyze OHS spectra by considering two general classes of O-H oscillators. These classes encompass broad Gaussian components, each referring to structures that involve a range of bond angles and distances distributed around the component peak position (29) .
OHS spectra of water, as measured by Raman scattering and IR absorption in the range 30 Ͻ T Ͻ 647 K (i.e., from the LDA phase to almost the first critical point of water), have been described by the following component Gaussian peak positions (wavenumbers) (29): (I) 3,120 cm Ϫ1 , (II) 3,220 cm Ϫ1 , (III) 3,400 cm Ϫ1 , (IV) 3,540 cm Ϫ1 , and (V) 3,620 cm Ϫ1 (within an experimental error of Ϯ20 cm Ϫ1 ). All of them have been unambiguously classified as HB or NHB OHS oscillators by considering different scattering orientations (corresponding to the mean polarizability ␣ and the anisotropy ␤) and, in particular, by their evolution as a function of temperature. The situation may be summarized as follows:
1. Component I dominates the intensity of the LDA phase (Raman data) (24) , so that it represents the OHS contribution of water molecules forming the RTN. An analysis of its experimental FWHM in the T interval 30-303 K (i.e., in both the LDA and supercooled confined water) indicates that this can be identified as the LDL water phase (18) . Its magnitude increases as T decreases. 2. Components II and III have been associated with water molecules having an average degree of connectivity larger than that of monomers, but lower than that involved in the HB networks. Thus, they can be identified as partially HB (PHB) (25, 26, 29) molecules. 3. Components IV and V, being the only ones present in the Raman and IR spectra of bulk water in the T region near the first critical point (630 Ͻ T Ͻ 647 K), arise from NHB monomeric water (or to molecules poorly connected to their environment) (25, 29) . The integrated intensities of PHB and NHB water show an opposite temperature behavior for T Ͼ 300 K. While the intensities of NHB increase with increasing T, intensities of PHB decrease.
The classification of these contributions reflects that used in the percolation hypothesis for water ( f i species of water, with i indicating the number of bonds) (5). Thus, the HB component I is f 4 , the NHB components IV and V are f 0 , and, finally, the PHB components II and III are f 1 , f 2 , and f 3 . We have to stress that according to the LLPT hypothesis, the HDL phase is represented by both the NHB and PHB. In Fig. 1 we report, in the interval 30 Ͻ T Ͻ 373 K, the relative populations, W LDL , of the LDL (red symbols) and W HDL of the HDL (green symbols) water phases, calculated as the ratio of the component integrated area to the total OHS integrated area. For the latter phase, NHB (triangles) and PHB (circles) contributions are reported separately. According to the scattering theory, the relative populations are defined as W i ϭ N i /N, where N i and N are the number of the particles of the phase i and the total number of scattering particles, respectively. Data are collected from different experiments: for the temperature region 30-130 K, we used the data coming out from the analysis of Raman spectra of LDA (24); for 183 Ͻ T Ͻ 303 K, we used our FTIR data on supercooled confined water (18) ; whereas for 253 Ͻ T Ͻ 373 K, we analyzed Raman data of bulk water (25, 26, 29) . It is apparent that the thermal behavior of all three species is continuous across the different temperature ranges, although coming from different data sets. As it can be observed, the NHB and PHB contributions are present at all temperatures, whereas the LDL phase exists (25, 26, 29) . FTIR data refer to confined water in the supercooled regime (18) . The LDL phase shows up only below 303 K, whereas the other two phases exist over the entire studied temperature range. This latter result agrees with the fact that the water dynamics is not completely frozen even at T ϭ 30 K, in agreement with experimental observations (30) .
only in the range 30-303 K. The LDA phase is dominated by the LDL species, whereas in the stable liquid phase for T Ͼ 303 K, there is only the HDL. PHB population has a maximum at Ϸ303 K, decreases on decreasing T in the entire supercooled region, crosses LDL at Ϸ225 K, and finally becomes stable (W Ϸ 0.29) in the LDA phase.
From these results, it is evident that the HB RTN is formed essentially inside the metastable supercooled regime. It is also important to note that NHB and PHB are also present in the LDA phase. PHB is of the order of 30% and NHB is a few percent (Ϸ6%) of the total water molecules, indicating that the dynamics of LDA is not completely frozen even at T ϭ 30 K, in agreement with experimental observations (30) .
Results and Discussion
Because only water contributes to the reported OHS spectra, its total density can be obtained only from the respective densities of its phases: the LDL and HDL. MD simulations (2) and proper neutron-scattering data give estimated values of the corresponding densities (11): HDL Ϸ 1.2 g/cm 3 and LDL Ϸ 0.88 g/cm 3 . The density of LDA was experimentally measured (by decompression and warming to 120 K) as (31): LDA Ϸ 0.94 g/cm 3 . According to these results, together with the experimental proof that the LDL phase exists only for T Ͻ 303 K (18), the HDL water is only given by the remaining spectral contributions classified as NHB and PHB.
Water density can be calculated knowing the fractioned populations of LDL and HDL (W LDL and W HDL ) and their individual local densities, LDL and HDL . As shown in Fig. 1 , W of different water species has an evident temperature dependence in all of the studied liquid regime (180-373 K). Also, the individual densities, because they are related to the local structure, may in principle change with temperature. The latter statement may be verified experimentally, considering, for instance, the region T Ͼ 303 K, where only the PHB and NHB species, whose populations were measured in bulk water, contribute to the OHS spectra (25) . Thus, in the interval 303 Ͻ T Ͻ 373 K, the densities PHB and NHB can be obtained from the bulk water density, according to the simple relation H 2 O ϭ W PHB PHB ϩ W NHB NHB , where W represents the relative population of the two species (plotted in Fig. 1 ), at different temperatures within this interval. Because the density of bulk H 2 O, H 2 O , is well known from careful measurements in the range from 239 to 423K (32) (33) (34) (35) , by considering all of the W HDL (W PHB and W NHB ) data points measured in that T interval, we obtain the following values: PHB Ϸ 1.10 Ϯ 0.02 g/cm 3 and NHB Ϸ 0.59 Ϯ 0.02 g/cm 3 . As a result, these values are temperature-independent within the reported experimental error. This finding is not surprising, considering the literature data on the proton magnetic resonance chemical shift of liquid water in a temperature range 273-363 K. This quantity, which, as is well known, entirely reflects the system local structure, does not exhibit any singularity or discontinuity in the temperature range above (36) .
Two relevant situations emerge from our data analysis: (i) in the considered T range (303 Ͻ T Ͻ 373 K), the density depends on T only through W; (ii) NHB Ϸ 0.59 Ϯ 0.02 g/cm 3 , according to Kell's representation (32, 33) of bulk water density as a function of T, corresponds to the density value at T Ϸ 625 K. Such a value is smaller than that used (0.66 g/cm 3 for T ϭ 673 K, at a pressure of 800 bar) in a neutron-scattering experiment in the supercritical region, where no distinct HB peaks are observable in the O-H radial distribution function g OH (37) . Thus, the value of NHB Ϸ 0.59 Ϯ 0.02 g/cm 3 reasonably represents that of NHB water, which dominates Raman spectra in the region above the critical temperature. In addition, PHB Ϸ 1.10 Ϯ 0.02 g/cm 3 is comparable to the value proposed by neutron diffraction data for the HDL water ( HDL Ϸ 1.2 g/cm 3 ; ref. 11). Therefore, the contribution of HDL to the total H 2 O density, ⌬ HDL , can be obtained in all of the explored T range (30 Ͻ T Ͻ 373 K), by extending the calculation made for NHB and PHB to the lowest temperatures. Fig. 2 Inset reports the results of this calculation (green data) as a function of T; as it can be observed, ⌬ HDL increases with decreasing T in the range 310-373 K, then decreases continuously, with an inflection point at Ϸ250 K and finally, in the LDA phase, shows a slight decrease from Ϸ0.38 to an asymptotic value of 0.35 g/cm 3 .
Analogously, the density contribution of the LDL phase, ⌬ LDL , can be obtained by assuming that ⌬ LDL ϭ W LDL LDL . The LDL value can be calculated from H 2 O ϭ ⌬ HDL ϩ ⌬ LDL ϭ ⌬ HDL ϩ W LDL LDL . For this calculation we consider the temperatures 273 K and 28 3K (just around the density maximum, where W LDL has been measured by Raman scattering in bulk water), where H 2 O is 0.999868 and 0.99972 g/cm 3 , respectively (as reported in ref. 32 ). In such a way we obtain LDL ϭ 0.87 Ϯ 0.02 g/cm 3 , a value that closely matches that proposed by neutron diffraction data analysis (11) for LDL water. Using such a value, we have obtained ⌬ LDL (T) in all of the temperature intervals where LDL exists and reported it in Fig. 2 Inset as dark-red squares. As one can see, ⌬ LDL increases with decreasing T and saturates to a value of Ϸ0.59 g/cm 3 on approaching the LDA temperature region. At the lowest T (T Ͻ 100 K), in the LDA phase, both ⌬ LDL and ⌬ HDL are nearly T-independent.
We report in Fig. 2 the temperature dependence of H 2 O as the sum of the two contributions, ⌬ HDL and ⌬ LDL . For comparison, we also report the values measured in bulk water in the range 239 Ͻ T Ͻ 423 K (32-34). As it can be observed, there is a good agreement between our density results and the literature data for H 2 O in the supercooled regime (where, contrary to the range 273-373 K, data were not used to extract the values of PHB , NHB , and LDL ). Two findings are remarkable: the minimum at Ϸ203 Ϯ 5 K and the value of ϭ 0.940 Ϯ 0.003 g/cm 3 in the LDA phase, nearly the same as that measured in the LDA ice at T ϭ 120 K (31). This result, together with those obtained for T Ͼ303 K, confirms that the LDL and HDL local structures are essentially temperature-independent so the thermal evolution of water density comes only from that of W LDL and W HDL . Looking carefully at the data in the region of deep supercooling (Ϸ250 K) it is possible to observe that our data, evaluated in confined water, are slightly lower than those measured in bulk. This finding may be attributed to the confinement effect of water inside the nanotubes, but the difference is not relevant enough to affect the overall result.
Besides the density minimum, an important result emerges from our experiment by estimating the derivative of the density with respect to temperature (Ѩ/ѨT) P , shown in Fig. 3A . As it can be observed, the inflection point between the maximum and the minimum in H 2 O (T) is located at temperature T L corresponding to crossing of the Widom line at ambient pressure. Different phenomena have been correlated with the existence of the Widom line. Some examples are the SEV (17), a sharp change in the temperature derivative of the mean square displacement (12) , and the maximum in the temperature derivative of the number of hydrogen bonds per molecule (18) . We recall that SEV is due to the onset of dynamical heterogeneities whose typical length scale is a few water molecules size. Our finding, that is, the maximum in (Ѩ/ѨT) P , is thus not influenced by possible confinement effects and is closely linked to this latter result found in simulation. Here, we have described the temperature behavior of water density, in the supercooled regime, as mainly driven by the LDL phase. Thus, (Ѩ/ѨT) P reflects the change of the local tetrahedral order with respect to temperature. In addition, it is of relevant interest, from a thermodynamic point of view, that the maximum in (Ѩ/ѨT) P occurs at the same temperature as the Widom line: the temperature T L is the locus of the correlation length maximum, whereas the density derivative is related with the cross-correlation between the entropy and volume fluctuations. Fig. 3B reports the density of D 2 O measured in the confined water by means of a small-angle neutron-scattering experiment (23) and, for comparison, the corresponding literature data of bulk heavy water (35) . We also report the data for H 2 O from the present experiment, which include the densities within the LDA phase, the densities in bulk (32) (33) (34) , and the results of the quoted MD simulation of H 2 O with the TIP5P-E potential (20) . As one can see, there is a good agreement between the experimental data on H 2 O and D 2 O: their density minima have the same temperature shift as that of the corresponding maxima (Ϸ7 K); moreover, the difference between maximum and minimum in the two cases are about the same (⌬ Ϸ 0.08 g/cm 3 ). Although there is an observable difference between experimental densities of H 2 O and MD simulations (20) , this latter study still has the merit of suggesting and supporting the existence of a minimum in the water density. It is reasonably possible that, with the use of another water potential, MD simulation might give more reliable results than the experimental ones. We also need to highlight that the presented density data result ''indirectly'' from scattering experiments and may be susceptible of further improvements. Nevertheless, both experiments and simulations show unambiguously the existence of a minimum in the H 2 O density in the deeply supercooled regime.
Methods
Raman data of LDA (24) and pure bulk water (25, 26) are reported in the literature. Samples of H 2 O in the LDA phase have been obtained from vapor deposition on a sapphire substrate mounted on a cold finger. The corresponding OHS spectra have been measured with a double monochromator, excitating samples with an Ar laser source. For the pure bulk water, essentially the same experimental setup has been used. There are numerous data sets concerning this latter phase, which practically coincide regardless of the experimental setup used (25, 26, 29) . For this work, we have used the data of refs. 25 and 26, which cover the range 249 Ͻ T Ͻ 373 K. Refs. 24 and 25 provide the FWHM, the intensities (integrated areas), and the frequencies of the aforementioned Gaussian contributions, obtained by means of a best-fit procedure. In the case of ref. 26 spectra (measured by some of us), the data have been complemented with some new measurements and reanalyzed with the same customary procedure.
FTIR absorption measurements were performed as well at ambient pressure by confining water in a micelle-templated nanoporous silica matrix MCM-41-S (having 1D cylindrical tubes arranged in a hexagonal structure with a pore diameter of 1.4 nm) (38) . As proven by several experimental methods, this MCM system can be regarded as one of the most suitable adsorbent models currently available (39, 40) . In particular, it has been shown that in such a system water dynamics is weakly affected by confinement effects. By confining water, it is possible to probe liquid water at very low temperatures below its homogeneous nucleation temperature, T H . In nanoscale confinement, the water molecules are unable to form a long-range crystalline structure. 34; dark-green line) are reported. We also report the density data of bulk H 2O (light-green line; refs. 34 and 35) . There is a good agreement between the experimental data of confined and bulk D 2O; these span about the same temperature range covered by MD simulation data. Instead, our density data cover a range including also the LDA temperature region. Between the density minima of H 2O and D2O, there is the same temperature shift as that of their maxima (Ϸ7 K); moreover, the difference between maximum and minimum (density amplitude) is about the same ( Ϸ 0.08 g/cm 3 ) for the two water isotopes.
The host material used in the FTIR experiments is the same as that used in neutron experiments, which were able to determine the density minimum of D 2 O (23), having the same hydration level h Ϸ 0.5 (0.5 g of H 2 O per gram of MCM). The experimental FTIR setup and the working procedure used are the same as described in ref. 18 . In particular, our FTIR spectra of confined water were analyzed with the same deconvolution procedure as used for Raman data.
To calculate the density, we have considered the same approach used in ref. 23 , based on the fundamental law of the scattering theory for which the integrated intensity of the scattered spectra I(q,) (where q is the scattering wavevector and is the frequency) is directly proportional to the number of the different species of scatterers. Namely, I(q,) ϭ (N/ V)P(q)S(q,), where P(q) is the scatterer form factor, S(q,) is the dynamic structure factor, whereas N denotes the number of scatterers in the scattering volume V. In the case of the neutron diffraction experiment of D 2 O confined in MCM-41-S nanotubes, also the host material contributes to the scattered intensity I(q), so that the heavy water density was obtained by assuming that the amplitude of the silica pores (temperatureindependent in the studied T range) was an indicator of the density of water in the sample (23) . In the case of the reported OHS spectra, only water contributes to them. Fig. 1 consists of the relative integrated areas, obtained from all of the aforementioned spectroscopic experiments, which cover separate temperature ranges characteristic of different water phases.
